Introduction
A class of chemical hepatocarcinogens has been identified by their ability to induce proliferation of peroxisomes in hepatocytes of rodents following brief exposure (1,2). Despite their carcinogenicity, these chemical peroxisome proliferators (PP*) and their metabolites lack DNA reactivity and PP-DNA adducts have not been identified (3-5). Since peroxisome proliferation results in increased activity of F^CVproducing oxidases, notably fatty-acyl CoA oxidase, oxidative DNA modification due to increased H 2 O2 production has been proposed as a mechanism of PP carcinogenesis (1). This mechanism is consistent with the relatively greater increase in H^-generating fatty-acyl CoA oxidase activity (> 5-fold) than in catalase activity (< 2-fold) in livers of PP-exposed rodents, since catalase is responsible for degrading H2Q2 in the peroxisome (6). Escape of H2O2 from the peroxisome may be expected to yield oxidative modification of either cytoplasmic and/or nuclear constituents. Evidence for oxidative modification of cytoplasmic constituents is equivocal and depends on the indicator evaluated (7-9). However, cytoplasmic accumulation of lipofuscin, a proposed product of oxidative modification of membrane lipids, is increased in hepatocytes of PP-exposed rats in a manner quantitatively predictive of carcinogenicity (9,10).
The possibility that H 2 C>2 may escape from the peroxisome and result in damage of cytoplasmic constituents also raises the possibility of oxidative damage to nuclear constituents, especially DNA, in livers of PP-exposed rodents. Several studies have evaluated the effect of PP treatment on DNA by measuring levels of oxidatively modified nucleosides in livers of rodents. These oxidized nucleosides, which have been considered appropriate markers of oxidative DNA damage, include 8-hydroxydeoxyguanosine (8-OHdG) and 5-hydroxymediyl deoxyuridine (HMdU) that can result from a H 2 O2-derived hydroxyl radical (OH') acting on guanine and thymine bases, respectively, in DNA (11,12). Elevated levels of 8-OHdG have been observed in DNA from livers of rats following oral exposure to various PP, including ciprofibrate, di(2-ethylhexyl)phthalate (DEHP), aluminum clofibrate and simfibrate (13,14), and elevated HMdU in liver DNA has been observed following oral exposure to ciprofibrate (15) . These studies, therefore, suggest that a qualitative relationship between peroxisome proliferation, DNA oxidation and cancer in rodents may exist, although quantitative aspects of this mechanistic interrelationship have not been addressed. In contrast, elevations of 8-OHdG and HMdU were not observed in DNA from livers of rats following oral exposure to nafenopin (16) or WY-14,643 (17), respectively. Critical differences in compound selection, experimental design and methods may account for the apparent inconsistent elevation of oxidized nucleoside in DNA of PP-exposed rats in these studies. One difference in experimental method, which may pertain to nuclear localization of DNA damage, is noted among these studies. The method of DNA isolation in the studies in which no effect of treatment was observed involved purification of nudei prior to DNA extraction. In die studies in which there was a PPrelated effect, DNA was extracted from liver homogenates with no nuclear purification step.
Elucidation of die mechanism of PP-induced carcinogenicity is crucial for determining the potential cancer risk in humans exposed to chemicals that are carcinogenic PP in rodents. Previous studies have suggested that the mngnifnrW-of the increase in peroxisomal fatty-acyl CoA oxidase is not predictive of cancer risk in rodents (10,18). However, increased acyl CoA oxidase activity may not be the only determinant of oxidative DNA damage in livers of PP-exposed rats. The following work, therefore, examines the relationship between oxidative DNA damage potentially resulting from increased peroxisomal H 2 O2, measured as 8-OHdG in hepatic DNA, and carcinogenicity in rats exposed to PP for which relative carcinogenicity has been established (18, 19) . In addition, since discrepant reports of DNA oxidation by PP exposure may have resulted from non-nuclear location of the damage, the potential for PP exposure to result in oxidation of nuclear DNA was examined by comparing levels of 8-OHdG in DNA isolated from purified liver nuclei and unfractionated liver. Liver DNA was extracted using a previously reported method (20) with slight modifications. High purity distilled phenol was used to prevent arufactual formation of 8-OHdG (21). Liver tissue was thawed in 1 % sodium dodecyl sulfate (SDS)/1 mM EDTA, minced, homogenized using 5 strokes of a glass pestle in a glass tube and digested with proteinase K (0.5 mg/ml, 37°C, 30 min). DNA was then isolated as described (20) , except that phenol was omitted from the organic extraction that followed RNase treatment Following isolation, DNA was digested to nucleosides using PI nuclease and bacterial alkaline phosphatase (22) . Digested DNA was analyzed by HPLC using conditions described by Kasai a al (22). 
Materials and methods

Results
Effects of feeding the various PP (WY-14,643, clofibric acid and DEHP) and phenobarbital on body weight and liver weight are summarized in Table I . Body weight depression was evident in rats fed 0.1% WY-14,643 (3, 11 and 22 weeks), 0.005% WY-14,643 (11 and 22 weeks), 0.5% clofibric acid (3, 11 and 22 weeks) and 1.2% DEHP (22 weeks). Phenobarbital (0.05%) feeding did not affect body weight at 3, 11 or 22 weeks. Feeding rats diets containing the various PP (WY-14,643, clofibric acid and DEHP) or phenobarbital resulted in elevations in absolute liver weights at 3, 11 and 22 weeks. At 22 weeks, small nodules (<4 mm in diameter), typical of large foci and adenomas previously observed in PP-fed rats (2), were observed in some livers of WY-14,643-fed rats. The multiplicity of these lesions is summarized in Table I and was increased only in rats fed 0.1% WY-14,643.
The levels of 8-OHdG/dG in DNA isolated from unfractionated liver are depicted in Figure 1 . Levels of 8-OHd/dG in livers of untreated controls were well within the range of values previously reported for rat liver (13,21). Feeding any of the various PP (WY-14,643, clofibric acid or DEHP) or phenobarbital did not affect 8-OHdG/dG following 3 or 11 weeks of feeding. At 22 weeks, levels of 8-OHdG/dG were increased in DNA from livers of rats fed eitherO.1% WY-14,643, 0.005% WY-14,643 or0.5% clofibric acid compared to controls. Levels of 8-OHdG/dG were not affected by feeding 1.2% DEHP or 0.05% phenobarbital for 22 weeks.
Livers from rats fed 0.5% clofibric acid for 22 weeks and matching control rats were selected (based on the greatest difference between exposed and control group means) for comparison of levels of 8-OHdG/dG in DNA isolated from unfractionated liver versus purified liver nuclei. To minimize variability, portions of liver tissue from each rat were used for isolation of DNA by both methods on the same day using the same extraction procedure. Results of analysis of DNA from these livers are depicted in Figure 2 . In DNA isolated from unfractionated liver, 0.5% clofibric acid feeding resulted in increased 8-OHdG/dG, as was previously observed. In contrast, levels of 8-OHdG/dG in DNA isolated from purified nuclei were not affected by feeding 0.5% clofibric acid.
Discussion
This study is the first attempt to relate increased levels of oxidative DNA damage, measured as 8-OHdG, to the relative carcinogenicity and peroxisomal enzyme induction by a variety of PP under standardized experimental conditions. Previous studies with male F344 rats in this laboratory have demonstrated that a similar magnitude of peroxisomal fatty-acyl CoA oxidase induction is achieved with 0.1% WY-14,643, 0.005% WY-14643,0.5% clofibric acid and 1.2% DEHP-containing diets fed for 11 and 22 weeks (10,18). Feeding these diets for 22 or 52 weeks resulted in divergent carcinogenicities, based on tumor incidence and multiplicity data (10,18,19, present study). Using multiplicity of hepatocellular neoplasms at 52 weeks, the carcinogenicity of 0.1% WY-14,643 exceeded that of 0.005% WY-14,643, which in turn exceeded that of 0.5% clofibric acid Peroxfeome proHferator-induced DNA riamflgp (19) . In the present study, multiplicity of grossly visible hepatic nodules, consistent with large hepatocellular foci and adenomas (24) , was only increased in rats fed 0.1% WY-14,643. It is, therefore, important to note that similar levels of 8-OHdG were measured in livers of rats fed 0.1% WY-14,643 and 0.5% clofibric acid, even though relative carcinogenicity of 0.5% clofibric acid is significantly lower. Furthermore, exposure to a 20-fold lower concentration of WY-14,643 (0.005%) caused elevation of 8-OHdG similarly to the higher (0.1%) concentration, but did not increase multiplicity of hepatic nodules. Since the present study comprised, at most, 22 weeks of exposure, the possibility that more prolonged exposures might have altered 8-OHdG levels cannot be ruled out. However, the present results indicate that it is not possible to quantitatively relate magnitude of oxidative DNA damage, measured as hepatic 8-OHdG, to carcinogenicity in rat liver following PP exposure.
Previous studies have indicated that maximal induction of peroxisomal acyl CoA oxidase activity is achieved upon 2-3 weeks of dietary exposure to PP (10,18). In contrast, levels of 8-OHdG increase later during the course of continuous dietary exposure. In the present study, levels of 8-OHdG were increased by 22 weeks of feeding PP, but not by 3 or 11 weeks. Other studies have similarly suggested that PP-induced increases in 8-OHdG occur relatively later during the course of feeding. With ciprofibrate, an extremely potent PP, levels of 8-OHdG were not increased before 40 weeks of feeding (13). A similar lag between onset of PP feeding or onset of elevated peroxisomal fatty-acyl CoA oxidase activities and increases in 8-OHdG was observed for other PP, including DEHP, aluminum clofibrate and simfibrate (14). The temporal dissociation of peroxisomal enzyme induction from elevation of 8-OHdG in PP-fed rats suggests that peroxisomal H 2 O2 may not be responsible for the observed increase in oxidative DNA damage. Furthermore, in rats fed 0.1% WY-14,643 in the present study, elevated levels of 8-OHdG were not observed prior to the appearance of hepatocellular neoplasia.
Elevated levels of 8-OHdG in livers of PP-fed rats (13,15, present study) have been interpreted as an indication that oxygen radical-dependent promutagenic events may be responsible for PP-induced hepatocellular neoplasia. The level of 8-OHdG is interpreted as a marker for a variety of OH'-mediated base modifications, many of which are promutagenic. The presence of 8-OHdG itself in DNA can result in G:C-T:A transversions due to mispairing at replication (25, 26) . Elevation of 8-OHdG in nuclear DNA could therefore increase the likelihood of mutation in genes critical in cancer development. However, the present study demonstrates that PP-induced elevations in 8-OHdG detectable in DNA of unfractionated liver are not present in nuclear DNA, even in the same livers. This observation is consistent with previously reported elevation of 8-OHdG following PP feeding in DNA of unfractionated liver (13,14), but not from liver nuclei (16) , although none of these reported studies examined both methods of isolation. A finding similar to the present study (differential elevation of 8-OHdG in DNA of unfractionated liver versus liver nuclei) was also observed following feeding of 0.1 % WY-14,643 to rats for 5 months in a previous study, although isolations of DNA were not performed concurrently (unpublished data).
A reason for the dependence of PP exposure-related elevation of 8-OHdG on evaluation of unfractionated liver is unclear. One possibility is that increases in 8-OHdG in mitochondrial DNA may result in measurable increases in 8-OHdG in DNA from unfractionated liver. This possibility is supported by the observation of higher (~ 16 x) levels of 8-OHdG in mitochondrial DNA than in nuclear DNA from normal livers (27) , indicating that mitochondrial DNA would be more sensitive to oxidative damage that might result from increased peroxisomal H 2 O2. Another possibility is that elevation of 8-OHdG might be produced when DNA is released from nuclei during homogenization and lysis of proteins as liver samples of PP-fed rats are prepared for DNA extraction. This latter possibility is supported by the relative resistance of DNA in intact nuclei to OH'-mediated damage as compared to DNA in solution (17, 22, 28) , where it is less compact, lacks histones and is more readily available to diffusable pro-oxidants. While an exact source of elevated pro-oxidants that could damage naked DNA in liver homogenates from PP-fed rats is not clear, cytoplasmic sources such as peroxisomes and lipofuscin-containing lysosomes, both elevated in the cytoplasm of PP-fed rats, are possible contributors.
The lack of oxidative DNA damage in nuclear DNA following PP exposure indicates that the proposed role of oxidative DNA damage in PP-induced carcinogenesis will require further clarification. The presumed sensitivity of mitochondrial DNA to OH" has led to speculation that various types of oxygen radicalinduced mitochondrial DNA damage may be involved in the aging process or various diseases of aging (29, 30) . The possibility that PP-induced carcinogenicity may in some way be related to mitochondrial injury is intriguing, as effects of in vivo exposure to PP on mitochondrial energy metabolism in intact rat liver have recently been described (31) . In the present study, evaluation of mitochondrial DNA for 8-OHdG was not possible, because freezing of samples precluded purification of mitochondria (32) . However, evaluation of 8-OHdG or other indicators of DNA damage in liver mitochondria of PP-exposed rodents in future studies may prove relevant to the mechanism of PP carcinogenicity.
The evaluation of model PP in two-stage protocols of hepatocarcinogenesis suggests that many PP act as tumor promoters, but none act as tumor initiators (reviewed in 33). As most chemical exposures that result in promutagenic DNA modification have initiating activity, lack of initiating activity by PP in these studies fails to confirm a role for promutagenic oxidative DNA damage in carcinogenicity of PP. In contrast to the lack of initiating activity, several PP have demonstrable promoting activity in rat liver, however, the mode of promoting activity of the PP WY-14,643 was different from that of a non-PP, phenobarbital, with respect to lesion phenotype and growth (34) .
Phenobarbital was therefore selected as a non-PP inducer of hepatomegaly and liver tumor promoter for comparison with WY-14,643 in the present study, and did not cause any measurable increase in 8-OHdG.
In summary, levels of oxidative base damage, measured as 8-OHdG, were elevated in DNA isolated from unfractionated livers following PP exposure, although not in a manner predictive of cancer risk. Furthermore, this elevated level of oxidative base damage was not present in nuclear DNA, the presumptive location of damage relevant to carcinogenesis. It is possible that other forms of hepatic oxidative DNA damage, less studied and unrelated to 8-OHdG, may result from PP exposure in rodents. However, the present findings suggest that: (1) quantisation of 8-OHdG, a specific and sensitive marker of oxidative DNA damage, does not accurately reflect potential peroxisomal H 2 O 2 -dependent DNA damage and carcinogenesis; (2) peroxisome-independent hepatic responses may be critical factors in the mechanism of carcinogenicity of PP in rodents.
